Binuclear metal complexes derived from the doubly bridged cyclopentadiene system 2,2,8,8-tetramethyl-2,8-di~ilatricyclo[7.3.O.O3~7]dodeca-3,5,9,ll-tetraene (LH,) are examined. This compound is deprotonated with 2 equiv of l-butyllithium to form the dilithio salt LLi2 (2). Reaction of 2 with trimethyltin chloride yields (Me&&L ( 
Introduction
Binuclear metal complexes of bridged cyclopentadienyl ligands have recently attracted a lot of attention. This is mainly due to two reasons: Firstly, the two metal centers may show cooperative electronic effects and these complexes are thus potential model systems for organometallic polymers that exhibit interesting electric, magnetic, and optical properties.2 Secondly, the metal centers may show cooperative chemical effecta which have, for example, been envisaged to be useful for homogeneous ~a t a l y s i s .~ Flexible bridges impede interactions of both types, because these interactions are primarily dependent on a well-defined stereochemical relationship of the metal centers. Ideally, the two cyclopentadienyl units should be arranged in a sterically fairly fixed manner and a t the same time in a moderate to short distance to each other; additionally, the bridging group(s) should allow for potential electron density delocalization.
In this respect, we have investigated the synthesis and structure of binuclear metal complexes derived from the doubly bridged cyclopentadienyl system 1 and its dilithio of mono-and oligonuclear metallocenes.6
Results and Discussion
Ligand 1 seemed to us to fulfill the requirements mentioned above: The two Cp rings are held in a fairly close position to each other; the system is not very flexible due to the presence of two bridges; furthermore, there is good evidence for &Me2 units to be able to allow for electronic delo~alization.~ Compound 1 can be prepared in 47% yield from CpSiMe2Cl following a known procedurea which was modified so as to allow the preparation of 15-20-g quantities of this substance. In solution two isomers (cis-1 and trans-1) are present in a cis:trans ratio of ca. 1:2, according to 'H NMR spectroscopy. They equilibrate via silatropic rearrangeme~~ts.~ Only the trans isomer crystallizes from solutions. A single-crystal X-ray diffraction study of this isomer shows that the central six-membered ring adopts a chair conformation; the two Cp units anelated to this ring are nearly planar (the envelope angle is 4.8O).lo Compound 1 may be deprotonated with 2 equiv of 1-butyllithium to form the dianionic species 2, which is virtually insoluble in all common organic solvents. Its identity was proved by its reaction with 2 equiv of trimethyltin chloride which cleanly leads to the formation of the binuclear tin compound 3 in 71% yield; 3 forms 3 slightly &-sensitive, off-white crystals. Similarly, reaction of 2 with 2 equiv of Cp*RuCl" gives the binuclear ruthenocene 4 as light yellow, air-stable platelets in 89% cis (30%)
yield. Whereas the tin derivative 3 is isolated as the trans isomer exclusively, compound 4 is formed as a cis:trans mixture in a ratio of ca. 3:7. The 'H and 13C NMR signals of the bridging SiMe2 units can be used as a probe for distinguishing between cis and trans isomers: Whereas all four methyl groups in the trans isomer of 4 are equivalent, there are two pairs of equivalent methyl groups in the cis isomer; hence, only one methyl signal is observed for tram-4, but two methyl resonances are obtained for cis-4. Essentially the same holds true for the tin compound 3 which, owing to fast stannatropic rearrangements, shows a pseud~-~~-coordination of the two trimethyltin groups. The protons on the cyclopentadienyl rings give rise to a typical AX2 pattern in the 'H NMR spectrum of 3. The 13C NMR spectrum shows three resonances for the cyclopentadienyl rings: The four tertiary carbon atoms C(4), C(6), C(lO), and C(12) give rise to a sharp signal at 130.6 ppm; for the two tertiary carbon atoms C(5) and C(11) a slightly broadened resonance at 123.5 ppm is observed, and the four quaternary carbon atoms C(l), C(3), C(7), and C(9) give rise to a broad signal a t 116.5 ppm. The broadness of resonances for C(l), C(3), C(5), C(7), C(9), and C(11), together with their considerable high-field shift with respect to C(4), C(6), COO), and C (12) Siemeling et al. (4) arated 80 far. Compound 5 can, however, be conveniently prepared by cocomplexation of a 16:l mixture of Cp*Li and the dilithio salt 2 in the presence of a stoichiometric amount of iron(I1) chloride in THF at low temperatures. After removal of decamethylferrocene by sublimation and recrystallization of the crude product, the binuclear ferrocene 5 is obtained as the trans isomer exclusively in 80% yield; the compound forms red, air-stable crystals. Crystals suitable for a single-crystal X-ray diffraction study were grown from hexane. The molecular structure of 5 is shown in Fiaure 1; atomic coordinates are collected in Table I ; bond-length and selected bond angles are collected in Tables I1 and III .13 The bridging ligand is not planar. The fold angle between the " k t planesn for the two Cp moieties is 44". The central six-membered ring adopts a fairly flat boat conformation. When compound 1 is reacted with odacarbonyldicobalt in boiling dichloromethane, the binuclear cobalt complex 6 is obtained in 84% yield as dark, brownish-red crystals, 6 which are slightly air-sensitive. The cktrans ratio for this product is ca. 2:l.
A single-crystal X-ray diffraction study was performed for this compound. Suitable crystals were grown from hexane, and the crystal that was chosen for the structure investigation proved to be of the cis isomer. The molecular structure is shown in Figure 2 ; atomic coordinates are collected in Table IV ; bond lengths and selected bond angles are collected in Tables V and VI. Again, the bridging ligand adopts a bent structure with a flat boat conformation of the central six-membered ring. The fold angle between the best planes for the two Cp units is 23". The two dicarbonylcobalt fragments are coordinated to the concave surface of the bridging ligand. The intramolecular Co-Co distance is 425 pm.
It is possible for the six-membered ring to adopt a much steeper boat conformation than those shown for compounds 5 and 6, leading to fold angles that are considerably larger than those found for these complexes. This is evidenced by the structure of the iron carbonyl complex 7, which according to IR spectroscopy shows both terminal that the Fe-Fe bond length is almost certainly less than 260 pm,15 which is more than 160 pm shorter than the intramolecular Co-Co distance found in the cis isomer of
6.
The energy for bending the bridging ligand considerably is so low that it is more than outweighed by the gain in bond energy due to carbonyl bridging. This is by no means always the case; for example, according to IR data carbonyl bridging does not occur in the analogous iron carbonyl complex of tetra-tert-butylpentafulvalene. 16 Compound 7 is obtained in low yield from the reaction of 1 with pentacarbonyliron. The main producta of this reaction are oligo-or polymeric species which could not be separated and fully characterized so far.
In summary, the doubly bridged Cp system 1 and its (14) All spectral data available are in accord with the monomeric structure shown. The isotopic distribution pattern of the highest molecular masa peak in the mass spectrum of 7 is consistent with the molecular ion of the monomer as opposed to the dication of a putative dimer. Although it cannot be ruled out that the monomeric unit observed in the gaa phaee is formed during the heating proms, we consider this to be very unlikely, since the evaporation temperature was kept well below the decomposition temperature of the compound. C (121)40(1) 2.045 (6) C(122)-Co(l) 2.105 (5) c (123)40(1) 2.108 (5) 
1.714 (7) C(lll)-C0(2) 2.056 (6) c(112)<0 (2) 2.100 (5) c (113)40(2) 2.099 (5) c(114)<0 (2) 2.079 (6) c(115)-Co(2) 2.105 (6) c (3)40(2) 1.717 (7) c (4) Chlorocyclopentadienyldimethylsilane. A 400-mL aliquot of a 1.60 M solution of 1-butyllithium in hexane (640 mmol) is added dropwise with stirring to a solution of 43.0 g (650 mmol) of cyclopentadiene in 400 mL of THF a t 0 OC. After stirring for 2 h a t this temperature, 200 mL (1.65 mol) of dichlorodi-methylsilane is added, and the mixture is refluxed for 60 h. Volatilea are removed at water aspirator pressure, 100 mL of light petroleum ether is added, and the white, insoluble material (mainly lithium chloride) is removed by filtration and washed with light petroleum ether (50 mL). Volatiles are removed from the pale yellow filtrate at water aspirator pressure, and the remaining light yellow oil is distilled using a short Vigreux column to yield 83.1 g (83%) of product as a colorless liquid, bp 48-50 T / 2 0 mbar (46-51 OC/20 mbar 
4). A suspension of 7.81 mmol of the dilithio salt of 2 is prepared in 80 mL of THF from 1.91 g (7.81 mmol) of 1 and 10.0 mL of a 1.56 M solution of 1-butyllithium in hexane (15.6 mmol). This suspension is added dropwise with stirring to a suspension of 4.26 g (15.5 mmol) of chloro(pentamethylcyclopentadieny1)ruthenium(I1)" in 50 mL of THF a t -100 "C. The mixture is warmed to room temperature overnight, volatiles are removed in vacuo, and the remaining solid is extracted with 150 mL of n-hexane. Insoluble material is removed by filtration through a 1-cm layer of Florisil, and the filtrate is stored at -60 "C to yield 4.96 g (89%) 29 (s, 12 H, %Me2), 1.78 (s, 30 H 22 (e, 6 H, SiMez), 0.46 (s, 6 H, SiMe2 ), 1.92 (s,30 H, Cp*), 4.14 (m, 2 H, CH), 4.22 (m, 4 H, CH). '%('H) NMR (c&& trans isomer 6 2.0 (SiMez), 12.6 (C&e5), 77.5 (C(5), C(11)), 79.2 ((341, C(6), C(10), C(12)), 82.5 (C(l), C(3), C(7), C(9)), 85.0 ((!,Me5); cis isomer 6 0.7 (&Me2), 6.2 (SiMe2), 12.9 (C&e5), 76.8 (C(5), C(ll)), 79.5 (C(4), C(6), CW), C(12)), 82.5 Ul), C(3), C(7), C(9)), 85.0 (C,Me,). 29Si NMR (C6Ds): trans isomer 6 -9.2; cis Bis (q5-1,2,3,4,5-pentamethy1-2,4-cyclopentadien-l-y1)- [trans +-I ( 1)9-12-q:3-7-q}-2,2,8,8-tetramethyl-2,8-disilatricyclo[7.3.0.03~7]dodeca-3,5,9,1 l-tetraene-1,7-diyl]diiron(II) (5) . A 9.54-g (70.0-"01) sample of 1,2,3,4,5-pentamethylcyclopentadiene and 1.10 g (4.50 mmol) of 1 in 250 mL of THF are lithiated by dropwise addition of 50.0 mL of a 1.58 M solution of 1-butyllithium in hexane (79.0 mmol). The mixture is cooled to -110 "C, and a suspension of 5.00 g (39.5 mmol) of iron(I1) chloride in 50 mL of THF is added via syringe. After warming to room temperature overnight, volatiles are removed in vacuo. The solid orange residue is extracted with 100 mL of n-hexane, and insoluble material is removed by filtration through a 3-cm layer of Florisil and is subsequently washed with n-hexane (2 X 30 mL). Volatiles are removed from the filtrate to leave a light orange powder, from which decamethylferrocene is removed by sublimation at mbar. The remaining crude product is recrystallized from n-hexane to yield 2.25 g (80%) of large, red crystals, mp 243-245 "C. 'H NMR (CDCl,): 6 0.40 (s, 12 H; SiMe'), 1.52 (s, 30 H, Cp*), 3.85 (br s, 4 H, H(4), H(6), H(10), H(12)), 3.98 (br s, 2 H, H(5), H(11)). 13C('H} NMR (C&& 6 2.1 (SiMe'), 11.9 (Cfle,), 77.9 (C(5), C(ll)), 78.9 (C(4), C(6), C(10), C(12)), 79.1 (C(l), C(3), C(7), C (9) After cooling to room temperature, the mixture is allowed to stand overnight. Volatiles are removed in vacuo, and the remaining brownish-red solid is dissolved in 40 mL of n-hexane. The solution is filtered through a 2-cm layer of Florisil which is subsequently washed with 10 mL of n-hexane; the filtrate is concentrated to ca. 10 mL and stored at -30 OC to afford brownish-red crystals of crude product. Recrystallization from a minimal amount of n-hexane yields 6.05 g (84%) of pure product, mp 118-121 "C. 'H NMR (C&& trans isomer 6 0.34 X-ray Structure Determination of 5 a n d 6. The structure of these compounds was determined from single-crystal X-ray diffraction data, which were collected using a Syntex P21 fourcircle diffractometer for compound 5 and an Enraf-Nonius CAD4 fourcircle diffractometer for compound 6. Crystal data and details concerning the intensity data collection and structure refinement are given in Tables VII and VIII Table VIII . The last difference Fourier synthesis showed no significant maxima; the highest peak in the last difference Fourier map had a magnitude of 0.27 e A-3. For both structure determinations atomic scattering factors were taken from standard Acknowledgment. This work was financially supported by the Deutsche Forschungsgemeinschaft and the Fonds der Chemischen Industrie. U.S. thanks the Studienstiftung des deutschen Volkes for a dissertation stipend.
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